Introduction
Interoception is understood as the sensing and representation of signals concerning the internal state of the body [1, 2] . As a general concept, interoception includes two forms of perception: proprioception (signals from the skin and musculoskeletal apparatus) and visceroception (signals from the inner organs such as heart rate, breath and hunger). Garfinkel & Critchley [3] first emphasized the importance of differentiating between different facets of interoceptive processing, suggesting taking the following into account: objective interoceptive accuracy (IAc; e.g. behavioural testing such as performance on heartbeat perception tests), metacognitive awareness (e.g. confidence-accuracy correspondence) and subjective interoceptive sensibility (e.g. as assessed via self-report questionnaires, e.g. body perception questionnaire). In a recent study, Garfinkel and co-workers [4] investigated these three levels of processing and could demonstrate that significant correlations between dimensions emerged only within the subgroup of individuals with higher IAc. They suggest that the relative balance of accuracy, sensibility and awareness dimensions could explain cognitive, emotional and clinical associations of interoceptive ability.
Referring to the study of Garfinkel et al. [4] , IAc might be the core ability within the construct of interoception underpinning other interoceptive measures. Individuals differ substantially in measures of IAc, the ability to consciously perceive signals arising from the body. Measuring a person's ability to perceive and & 2016 The Author(s) Published by the Royal Society. All rights reserved.
accurately report one's heartbeats at rest is often used to quantify these differences [1, [5] [6] [7] [8] [9] . Other methods exist targeting the gastrointestinal or respiratory system [10] [11] [12] [13] [14] , but only a few studies have investigated interoceptive abilities across different organ systems [10, 15] , suggesting that interoceptive abilities are associated across modalities to a certain extent.
The neural substrates of the distinct facets of interoceptive processing are still poorly understood. The insular cortex plays a major role as a cortical projection area of viscerosensory input [16] . Receiving direct viscerosensory input from the thalamus, the posterior and mid insular cortices are implicated as the primary viscerosensory cortices. However, other cortical (e.g. ventromedial prefrontal cortex, anterior cingulate cortex, somatosensory cortices) and subcortical (e.g. ventral striatum) regions as parts of the 'interoceptive neural network' also receive ascending interoceptive inputs to support the regulation of physiology and behaviour [17] . Khalsa et al. [18] further emphasized that next to insula and anterior cingulate cortices, primary and secondary somatosensory cortices innervating the skin of the chest area are also essential for the self-report of cardiac sensations. Pollatos et al. [19] showed that IAc as assessed by the heartbeat perception task according to Schandry [9] was positively correlated with blood-oxygenlevel dependent (BOLD) activity at right insula, inferior parietal lobule and the medial frontal gyrus extending into the cingulate gyrus. Critchley et al. [5] used a heartbeat discrimination task and could demonstrate that interoceptive attention was associated with activation in anterior insula, lateral somatomotor and adjacent parietal cortices, anterior cingulate and supplementary motor cortices. IAc was strongest related to activity in right anterior insula/operculum. Importantly, the authors also examined interoceptive sensibility using questionnaire data and found positive correlations of subscales of the body perception questionnaire with anterior insula activity. Till now, existing research has been mainly based on correlational findings, and the effects of causal manipulation of brain activity in interoceptive areas by means of brain stimulation remain unknown.
Therefore, transcranial magnetic stimulation (TMS) is a way to experimentally manipulate brain activity in regions associated with certain aspects of interoceptive signal processing that might also be used as an innovative technique in several clinical groups characterized by alternations of interoceptive processing such as depression, eating disorders or anxiety disorders [6,12,20 -23] .
The so-called heartbeat-evoked potential (HEP) is another methodology for examining the cortical processing of cardiac afferent signals and assessing individual differences in interoceptive processing. HEPs are related to the automatic processing of cardiac information, and were initially thought to be independent of attentional processes involved in perceiving or detecting internal signals. The measurement of HEPs uses methods analogous to other evoked potentials. Typically, electrocortical (encephalographic, EEG) activity is averaged to individual heartbeats, using the electrocardiogram (ECG) R-wave [24] . Individual differences in HEP amplitude are related to IAc, as shown using heartbeat counting tasks [8, [25] [26] [27] . The sources of the HEP have been localized to insular, somatosensory, rostral cingulate and prefrontal cortices [7] . Because afferent signals from the cardiovascular system continuously reach cortical structures, HEP amplitudes assessed during rest can be interpreted as indicators of central representation of cardiac interoceptive signals independent of overt attention or conscious awareness of cardiac sensations [28] . Therefore, the HEPs are one way to objectively measure one basic aspect of automatic afferent interoceptive processing.
In this context, two recent models of neural structures serving interoceptive processes and their connections to emotions are of great interest. A recent multihierarchical model of emotion processing proposed by Smith & Lane [29] suggests distinctions between discrete body features represented in somatosensory cortices, posterior insula, nucleus of the tractus solitarii, hypothalamic nuclei and the parabrachial nucleus, while so-called whole-body patterns are represented in the mid and anterior insula. Emotional concepts then occur by appraisal mechanisms involving other brain regions such as the anterior cingulate and the medial prefrontal cortices that refer to this mapping of the bodystate. It is a multistage interoceptive/somatosensory process by which these body state patterns are detected and assigned conceptual emotional meaning [29] . These assumptions are in accordance with other studies showing that the insular cortex and the anterior cingulate cortex (ACC) play crucial roles in connecting interoceptive processes and emotions [24] . Their activation was found to be modulated by cognitive [30] and emotional factors in several studies [31, 32] . This view is also in accordance with recent findings from interoception research [33, 34] suggesting that subjective appraisal of interoceptive signals reflect processes independent of interoceptive perception accuracy and are related to mechanisms of self-regulation and top-down control.
A second branch of models refers to assumptions of predictive coding with respect to interoceptive processing. Friston et al. [35] [36] [37] suggested that proprioceptive and kinaesthetic perceptions of the body arise from predictions through the same computational principles of active inference as do visual and auditory perceptions of the external world. Comparable ideas on predictive coding have been summarized and used by Seth et al. [38] in order to outline how interoception is associated with conscious presence and its disturbances. The core concept of this model is that a sense of presence arises when informative interoceptive prediction signals are successfully matched to inputs, so that prediction errors are suppressed. Brain areas contributing to interoceptive predictive coding include specific brainstem, subcortical and cortical (insular, orbitofrontal, anterior cingulate) regions. Seth et al. [38] suggest that these regions potentially form at least a loose hierarchy: posterior and mid insula support the primary cortical representation of interoceptive signals, with the anterior insula operating as a comparator error module (see [5, 39, 40] ).
Up to now, only a few studies exist testing whether damage or disturbance of critical neural structures involved in interoceptive processing leads to assumed deficits. Ronchi et al. [41] demonstrated in one patient that IAc as measured by the heartbeat detection task by Schandry was decreased after right insula resection. Terasawa and co-workers [42] also found reduced IAc in patients suffering from insula damage. Up to today, there is no study that has investigated whether an experimental approach using TMS might affect interoception comprising different aspects and levels of interoceptive processing.
Here, we investigated whether interoceptive processes were disturbed by TMS. Depending on the parameters of stimulation, it has been suggested that repetitive TMS may either increase or decrease the excitability of the targeted cortical structure (see [43] [44] [45] ). As Huang and co-workers [44] summarized, several studies have shown that when delivered over the primary motor cortex (M1), continuous theta-burst stimulation (cTBS) decreases M1 excitability when delivered in a continuous fashion. Eighteen healthy young male participants received either cTBS over right insular and right somatosensory cortices or sham stimulation over occipital areas before performing heartbeat detection and a respiratory load estimation task. Furthermore, the HEP during heartbeat perception (as the most objective marker of automatic processing of cardiac information), assessed after stimulation, was also examined. We hypothesized that cTBS over somatosensory and insular cortices would yield a decrease in accuracy of interoceptive signal processing. We also hypothesized a deflation of the HEP amplitude after somatosensory and insula stimulation. An alternation of the emotional aspects of interoceptive signals was hypothesized after insula inhibition only. A modulation of interoceptive sensibility was assumed after insula stimulation, as this facet refers especially to 'whole-body' patterns. Whether confidence of interoceptive signal processing is affected by cTBS over insula and somatosensory cortices should be assessed in an exploratory fashion.
Methods (a) Participants
Eighteen healthy male participants were recruited by advertisement at the University of Ulm. Mean age was 23.9 years (s.d. 2.9). In order to reduce variance owing to menstrual cycle [46, 47] , we recruited males only. The sample was not selected with respect to any other criteria. They gave written informed consent prior to the study and received compensation of E60. Exclusion criteria were history of brain injury, past or current psychiatric or neurological disorders, severe somatic illness or intake of medication as assessed by anamnestic questionnaire. Experiments were conducted in accordance with the Declaration of Helsinki with the approval of the local ethics committee.
(b) Procedure
Participants were informed about the study by staff and they received written information about the experiment. At each data collection time, participants were examined at the laboratories of the Clinical and Health Psychology department in Ulm. First, there was a screening session in which the tasks used in the stimulation sessions were introduced and they were made familiar with the TMS procedure. At this screening, exclusion criteria and important side effects of cTBS were explained. From 20 participants screened, 18 took part in the main experiment. At the first session of the main experiment, the participants were seated in a sound-attenuated chamber, which was connected to the neighbouring equipment room by intercom. Passive electrodes for EEG (32 channels using a cap, see below), ECG, respiration (belt), electromyography (EMG) (first dorsal interosseous, FDI; muscle of the left hand) and electrooculograms (EOG) were attached and individual resting motor threshold was assessed over left primary motor cortex using a PowerMAG 100 stimulator (Mag & More, Munich, Germany) with biphasic pulses and a figure-of-eight coil (PMD70). First, optimal cortical representation of FDI muscle (motor hot spot) was assessed by determining a coil position over the EEG cap yielding the highest amplitude of the motor evoked potential (MEP). Resting motor threshold (MEPs . 100 mV in at least 5/10 trials, cf. [48] ) was determined, and cTBS intensity was calibrated to 80% of resting motor threshold in accordance with former studies [49] . This value was then used for all stimulation protocols of the participant including the second and third experimental session. All three experimental sessions were identical to the first one except for the fact that the motor threshold was assessed only at the first session. The stimulation site (right insular, right somatosensory cortices or central occipital cortex as sham location) was selected using a randomized protocol for all three experimental sessions, i.e. each participant was stimulated three times in a repeated measurements design with identical test protocols. The experimental procedure is depicted in figure 1 .
Coil position for each stimulation site was located on the basis of the 10/20 system supplied by the EEG cap (see below). Optimal coil positions with respect to the 10/20 system were derived in the following way: TMS neuronavigation (PowerMag View) was used with standard head model, and the positions derived were validated in two subjects prior to the experimental sessions using their structural magnetic resonance imaging (MRI) images while wearing an EEG cap to define coil positions targeting the three stimulation sites (see also [50, 51] ). Target areas of stimulation were obtained using MRI structural information and an MRI atlas as depicted in figure 1 .
(a) The right anterior insula was reached with a coil position over frontotemporal locations building a triangle corresponding to EEG positions FT10, F8, FC6, pointing to FT8 (F6/AF8). (b) The primary and secondary somatosensory cortices, chest/trunk location, were reached with the centre of the coil within a triangle corresponding to EEG positions CPZ, C2 and CP4, directed to CZ. Primary and secondary somatosensory cortices of the trunk are not distinguishable by means of TMS navigation. (c) Central occipital cortex (V2/V3) was reached with the coil placed over OZ, directed straight to the horizontal plane. In all experimental sessions, the coil was placed according to these EEG coordinates. Coil positioning and TMS target areas are depicted in figure 1 .
The experimental design is summarized in figure 1 and was the following: first, participants had to rest for 5 min, while baseline measures (heart rate, breathing) were recorded with a sampling rate of 1000 Hz. They then filled in an interoceptive sensibility state questionnaire designed to assess the momentary subjective perception of bodily sensations focusing on the perception of five bodily systems (heart beat, respiratory functions, trembling, temperature/sweating, gastrointestinal sensations; see examples in the electronic supplementary material, Methods section).
Next, the cTBS took place with 600 pulses applied in 40 s (bursts of three pulses at 50 Hz every 200 ms (5 Hz)) over one of three locations according to the random scheme. After stimulation, participants were asked to fill in the interoceptive sensibility state questionnaire once again. Then, the heartbeat detection task took place. During the first heartbeat perception task, EEG was also assessed and later used for HEP analyses (see below). Four heartbeat counting phases of the mental tracking method were used (see [8, 9] and also the electronic supplementary material). After each trial, they were asked to report their confidence of their estimation using a nine-point Likert scale, where one endpoint was labelled 'no confidence at all', and the other endpoint was 'complete confidence' (see [4] ). At the end of the task, the participants were asked to evaluate their feelings during heartbeat perception (cardiac interoceptive evaluation; see the electronic supplementary material).
IAc was calculated as the mean heartbeat perception score according to the following transformation 1 4
IAc scores typically range from 0 to 1. Higher scores indicate small differences between the counted and recorded heartbeat and consequently a better IAc. The respiratory load estimation task took place next. As no standard test for IAc in the respiratory system exists, we designed a task similar to the one used by Petersen et al. [11, 12] . The task rstb.royalsocietypublishing.org Phil. Trans. R. Soc. B 371: 20160016 manipulated breathing effort via respiratory load by switching the diameter of a breathing device (Pari PEP w S-system) resulting in varying expiratory resistance (diameters 1-5 mm, eight levels, in 0.5 mm steps diameter change). Participants were instructed to maximally expire with constant flow as naturally as possible and not to apply high levels of effort or force in doing so; as the resistance levels applied were rather low, the impact of breathing flow or effort on performance is expected to be negligible. Participants were asked to judge respiratory effort on an eight-point Likert scale, using the highest and lowest loads as anchors. Several training intervals were used to make the participants familiar with the range of the scale used. The test then used six trials with varying diameters. A respiratory accuracy score was calculated analogous to the heartbeat perception task, using the weighted difference scores of the six trials according to the following formula 1 À P 6 k¼1 jestimated resistance À objective resistancej 2625 ðmean difference with random distribution of errors) :
Identical to the heartbeat detection, participants rated confidence after each trial. At the end of the task, participants reported valence, arousal and anxiety when attending to their respiratory functions. Afterwards, another paradigm was used that will be not reported here. The first session lasted about 2 h, the second and third sessions lasted about 90 min.
(c) Psychophysiological recording
During the heartbeat perception task, EEG activity was recorded continuously from 32 leads (FP1, FPZ, FP2, AF3, AFZ, AF4, F7,  F5, Fz, F6, F8, FC5, FCZ, FC6, C5, C1, CZ, C2, C6, CP5, CP1,  CPZ, CP2, CP6, P5, PZ, P6, PO3, PO4 , O1, OZ, O2), using the Easy-Cap electrode system (Falk Minow Services, Germany) with non-polarizable passive Ag/AgCl electrodes at equidistant positions. Cz served as a reference and the ground electrode was attached at electrode position F4. Horizontal and vertical EOGs were recorded. Impedances were maintained below 5 kV. The signals were amplified using an active amplifier system (Brain Products, Germany) and digitized at a sampling rate of 1000 Hz. ECG was measured with non-polarizable Ag/AgCl electrodes placed at the right clavicula and left chest. ECG, EMG and respiration were recorded equivalent to the EEG using an amplifier system (Brain Products, Germany) and were digitized at a sampling rate of 1000 Hz.
All steps of EEG analysis were conducted with the BRAIN VISION ANALYZER v. 2.1 (Brain Products, Germany). ECG Rwaves were detected either automatically online or offline semiautomatically in ECG raw data for later EEG averaging. EEG was visually inspected and filtered (0.05-20 Hz). EEG data were examined for ocular, muscular and other sources of artefacts. Trials were rejected from the analysis if the voltage exceeded + 50 mV ms 21 in any channel. EEG data were segmented relative to the detected R-wave triggers, whereby segments were built in epochs ranging from 200 ms before the R-wave trigger to 800 ms after the R-wave trigger. After baseline correction (200 ms pre R-wave trigger as baseline), average HEP waves were computed of R-triggered EEG segments. HEP amplitude analyses were conducted in accordance with former studies, using a time window of 400 -600 ms after R-wave during which the electric field artefact is assumed to be negligible (see [52, 53] ). 
Results (a) Cardiac interoceptive accuracy
The mean obtained heartbeat perception scores for the three locations are summarized in figure 2 
(h) Heartbeat-evoked potentials
Mean HEPs distribution and HEP amplitudes (at right frontocentral and central locations) are depicted in figure 5 contrasting the three cTBS locations.
Owing to technical problems, only 15 complete datasets could be included. After visual inspection of the data, we selected FC6 and C6 (in accordance with former research also reporting the most pronounced HEP amplitudes at frontocentral 
Discussion
This study showed differential effects for IAc, interoceptive sensibility, subjective feelings and confidence judgements evoked by cTBS of right anterior insular and right somatosensory cortices (S1 -S2, chest region). As hypothesized, compared with inhibition of occipital cortices as a reference condition, cTBS of right anterior insula and right somatosensory cortices resulted in a significant decline in cardiac IAc, while only cTBS of right anterior insula significantly reduced respiratory IAc. Cardiac and respiratory accuracy were positively correlated after cTBS over the somatosensory location, whereas for the two remaining locations, correlation coefficients were not significant. Larger sample sizes are needed to support our interpretation that similar to observed correlations between perception accuracy in the cardiovascular and gastrointestinal system [10, 15] , there is a comparable, but weaker association between these two inner systems. Whether confidence of interoceptive signal processing is affected by cTBS over insula and somatosensory cortices was assessed in an exploratory fashion. Interestingly, analyses of confidence judgements of participants' perception accuracy demonstrated that individuals' confidence judgements were reduced after anterior insula stimulation for both cardiac and respiratory signals, whereas somatosensory inhibition affected only cardiac confidence in the opposite direction, i.e. here participants were more convinced of having accurately perceived their heartbeats although objective perception accuracy declined. These results suggest that while inhibition of anterior insula reduces both IAc and confidence judgements in a consistent way, inhibition of somatosensory cortices is associated with a dissociation of these processes. This interpretation is in Table 1 . Subjective evaluation of cardiac (c) and respiratory (r) perception contrasting the three cTBS locations (*p , 0.05). accordance with assumptions proposed by Garfinkel and coworkers [4] highlighting that the relative balance of accuracy, sensibility and awareness dimensions could account for cognitive, emotional and clinical associations of interoceptive ability. Going beyond IAc, cTBS of right anterior insula and right somatosensory cortices led to an immediate increase in interoceptive sensibility as assessed by self-report. As former studies found a correlation between insula activation and sensibility [5] , and this facet of interoceptive processing refers especially to the idea of 'whole-body' patterns as introduced by Smith & Lane [29] , a modulation of interoceptive sensibility was assumed to occur after insula stimulation. The fact that cTBS inhibiting somatosensory cortices also modulated interoceptive sensibility in the same direction as cTBS over right anterior insula highlights that, within the assumed hierarchical structure of interoception, hampering a region processing a discrete body feature leads to greater 'noise' in the whole system. Referring to predictive coding [38] , the anterior insula is the key error module that might detect such 'noise' in the system. This might then lead to an increase of attentional processes examining ongoing discrete body sensations and therefore explain why our participants were more aware of a variety of bodily sensations including cardiac and respiratory functions, but also trembling, temperature/sweating and gastrointestinal sensations. The latter underscores that effects of cTBS definitely occurred and affected bodily sensations.
As hypothesized, an alternation of the emotional aspects of interoceptive signals as captured by the interoceptive evaluation was modulated only in relation to anxiety after inhibition of anterior insula. This underpins its pivotal role for processes related to anticipation of aversive stimuli or anxiety disorders [55] . According to the model of Smith & Lane [29] , it might be argued that inhibiting anterior insula functions could have primarily disturbed 'whole-body patterns' and therefore, the reduction of IAc becomes evident or conscious to the participants, leading to a corresponding decline in metacognitive beliefs of perception security. In a similar way, together with models of 'interoceptive prediction error', this could explain the increases of self-reported subjective feelings of anxiety and arousal and more aversive feelings after inhibition of anterior insula. Considering the role of the insula in integrating bodily representations, affective and cognitive representations and expectations, disturbance of its function should evoke an incoherence or mismatch of the patterns of ongoing real-time basic body feedbacks, subjective feelings and beliefs about it, as well as predictions of bodily reactions based on experience. This disturbance of the interoceptive network in its basic function, as subserved by the insula, may thus induce feelings of general discomfort, arousal and anxiety, i.e. feelings of a vague conscious notion that an otherwise intact interplay between these processes and its neuroanatomical basis has been disturbed. Our results support the notion that the anterior insula is also a key structure for metacognitive awareness of interoceptive processes. This interpretation is in accordance with Farb et al. [56] , who suggested that anterior insula activity during interoception may reflect endogenous attention demands associated with manipulation of interoception at the level of conscious awareness. Additionally, there is evidence that the insular cortex supports different levels of representation of current and predictive states and that anterior insula activity may also reflect feelings of general uncertainty during interoception [57] . In the EPIC model of Barrett & Simmons [58] , interoceptive perception is largely a construction of beliefs that are kept in check by the actual state of the body. This is achieved by an 'interoceptive system' in the frontal cortex including the cingulate and the anterior insula [58] and could explain why anterior insula inhibition could also affect the whole interoceptive system including the beliefs about one's accuracy.
This also fits with assumptions of the interoceptive predictive coding model of conscious presence in which the anterior insula is the likely locus of a key neural comparator mechanism [38] . This view might also explain why an inhibition of somatosensory cortices does not systematically reduce confidence as demonstrated for cardiac and respiratory signals in this study. Leaving the anterior insula function intact does not compromise the basic integration of 'whole-body' representations, including feelings of general discomfort as described above; however, it disturbs another process that is possibly related to the evaluation/appraisal and expectations of and the matching to on-going discrete bodily reactions that have been suggested to be associated with somatosensory cortices [29] . Furthermore, tactile input from the chest might play a role in the detection of heartbeat. While it is clear that the mechanical contraction of the myocardium generates the stimuli for heartbeat detection, the convergence of cardiac with somatosensory afferences during the transmission of information results in subjects localizing cardiac sensations in those parts of the body that share afferent trajectories with the heart. Because cutaneous sensations are more distinctly represented than visceral sensations and therefore more discriminable, sensations originating in the viscera are often referred to the skin [59] . Therefore, hampering somatosensory input from the chest region might affect cardiac perception to a greater extent than is the case for respiratory perception. Favouring this assumption, Khalsa et al. [18] demonstrated that somatosensory afferents from the skin can also contribute to cardiac judgements. Another reason why effects on the respiratory load estimation task and related measures of confidence and evaluation were less pronounced might refer to the fact that we applied a fixed order (figure 1), with assessment of the respiratory system always after the cardiovascular system. Although the prior parts of the experiment were rather short (about 8 -10 min), and though there are several studies showing that cTBS effects last at least 20 min or significantly longer [44, 60] , it cannot be ruled out that the effects of cTBS were already diminishing when compared with the assessment of interoceptive processes in the cardiovascular system. Following Smith & Lane [29] , discrete body features are represented in somatosensory cortices and disturbing these discrete features might affect the relative balance of accuracy, sensibility and confidence dimensions. Favouring this assumption, both insula and somatosensory stimulation led to an increase of interoceptive sensibility as assessed by questionnaire. The HEP as a marker quantifying basic processes of automatic cardiac signal processing was found to be reduced after inhibition of anterior insula. We suppose that the HEP primarily mirrored bottom-up guided automatic cardiac signal processing [7] . As sources of the HEP are located in insular, somatosensory, cingulate and prefrontal cortices (see [7] ), both cTBS locations might affect these HEP generators. The observed HEP modulation goes along with a reduction of IAc on a behavioural level for cardiac signals.
An additional hint that the interplay between different levels of interoceptive processes was affected might be the fact that cardiac IAc was not correlated to the HEP amplitude at central and frontocentral locations as observed in some former studies [8] . Mirroring behavioural results, effects on the HEP amplitude were more pronounced after insula cTBS suggesting that at least during overt attention to one's heartbeats-there was no baseline or rest condition after cTBS to compare with-this region might be more crucial for the integration of cardiac signals as inhibition of right somatosensory cortices affected the HEP amplitude to a lower extent. This assumption confirms ideas that the ability to be 'aware' of interoceptive signals is thought to depend upon further propagation of interoceptive signals to the anterior insula, which has been argued to reflect the integration of afferent physiological signals with higher-order contextual information [17, 61] , thereby becoming consciously accessible, enabling a subjective affective experience or feeling state [2] .
There are several issues to be critically discussed in this study. One essential point is that there is no guarantee of reaching the anterior insula with a TMS coil positioned over the skull. We would argue that the effects obtained seem to be specific enough and in accordance with proposed theoretical models to say that anterior parts of the right insula were indeed targeted. Second, further support stems from research on the auditory cortex where the topographic situation is directly comparable to the attempts to stimulate primary auditory cortex in the case of tinnitus. It has been shown that chronic tinnitus with a functional correlate in primary auditory cortex can be modulated by rTMS [62, 63] , despite the larger distance of the coil to the primary auditory cortex ( planum temporale [64] ). Because we compared effects from the frontal stimulation site with two other sites, we are sure that the frontal effects are not unspecific but related to the particular stimulation site, at least close to the anterior insula. An important limitation refers to the fact that there were no baseline assessments of the HEP and the IAc tasks before the respective stimulation of brain areas. As we already used a repeated measurements design with three sessions per participant, we wanted to reduce effects of repetition on all tasks used. Other experimental set-ups assessing only one or two locations in each participant and using a between-group design might be used in future to address this issue.
An important limitation refers to the fact that IAc in this opportunistic sample was higher than in other studies [65] [66] [67] ; after occipital stimulation, the observed mean score was 0.77 when compared with, for example, 0.69 observed in a large sample of more than 400 healthy participants [66] . A cause for this might be that we assessed only male participants who have higher IAc in some studies [1, 68] . It might also be the case that the TMS procedure itself increased stress and sympathetic activation which then, in turn, could facilitate heartbeat rstb.royalsocietypublishing.org Phil. Trans. R. Soc. B 371: 20160016 detection. Other studies could show that a sympathetic increase as induced by short-term food deprivation [33] or physical stress [69] increased IAc. Future studies should therefore use more participants with a greater distribution of IAc to examine whether TMS effects interact with the absolute level of IAc as found for the interplay of different interoceptive levels in a former study [4] . We nevertheless argue that changes in interoceptive processes on various levels, as well as modulation of the HEP amplitude, are favouring the interpretation that also in a sample with substantially lower IAc similar effects are to be expected. Another limitation is that this study concentrated on right lateral effects of cTBS on structures of the interoceptive network. This can be explained by the fact that right anterior insula has been identified as the most significant site that is strongly related to IAc [5, 19] . The right-hemisphere anterior insular cortex provides one cortical focus for the integration of exteroceptive and interoceptive signals [17, 70] and this region has been proposed as a neural substrate for self-awareness in the form of the 'material me' [71] . This may be most relevant for effects of interoceptive metacognition and interoceptive sensibility, and their relation to effects of IAc, as there is ample evidence for hemispheric laterality of emotion processing and cognitive functions as well as interhemispheric interplay [72] .
In conclusion, this is the first study that has demonstrated that cTBS inhibiting right anterior insula and right somatosensory cortices efficiently disturbs different facets of interoceptive processing. Inhibiting anterior insula resulted in a significant decline in cardiac and respiratory IAc and in a coherent decrease in perception security. cTBS over somatosensory cortices reduced cardiac IAc and affected metacognitive awareness. Inhibiting right anterior insula and right somatosensory cortices increased interoceptive sensibility. The HEP, as marker of automatic cardiac signal processing, was decreased after cTBS over right anterior insula. Our findings strongly suggest that cTBS is indeed an effective tool to investigate the neural network supporting interoceptive processes. However, it remains to be further elucidated why cardiac and respiratory perception did not perfectly match and how long TMS effects on interoceptive signal processing remain detectable. Obviously, future studies should include a broader range of interoceptive tasks as well as a longer observation interval and should also consider potential differential effects of hemispheric laterality when investigating the function of interoceptive target regions of the brain via stimulation techniques. As interoceptive processes are altered in several psychopathologic syndromes [6, 12, [21] [22] [23] ], brain stimulation techniques are a promising tool for interventions. While cTBS is used to inhibit certain brain regions, other TMS protocols could be applied to improve the access to bodily sensations and empower concomitant therapeutic approaches as demonstrated for various disorders, e.g. in the decrease of relapse rates in depression [73] . More clinical research is needed to further elucidate future therapeutic avenues.
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